Purpose: After surgery for intractable mesiotemporal lobe epilepsy (mTLE) seizures recur in 30-40%. One predictor for seizure recurrence is the distribution of seizure onset and interictal epileptiform discharges (IED). Our study focused on lateralization and extent of epileptiform activity regarding postoperative seizure persistence and the effect of reoperation. Methods: This study comprises 426 consecutive patients operated for intractable mTLE. Impact of preoperative seizure onset and IED on the persistence of seizures and results of reoperation were analyzed. Results: One year after surgery, 27% of patients with mTLE experienced persistent seizures (Engel II-IV). Preoperative bilateral seizure onset in EEG was predictive for postoperative seizure recurrence (Engel II-IV: 64%). Seizure foci and IED exceeding the temporal lobe in the ipsilateral hemisphere were not found to be associated with worse seizure outcome (Engel I: 72% and 75%) compared to patients with seizure foci confined to the ipsilateral temporal lobe (Engel I: 75% and 76%). Moreover, IED exceeding the affected temporal lobe in the ipsilateral hemisphere or even bilateral IED did not negatively affect seizure freedom if seizure onset was strictly limited to the affected temporal lobe (Engel I: 85% and 65%, respectively). 60% of patients reoperated in the ipsilateral temporal lobe for persistent seizures became seizure free. Conclusions: Preoperative bilateral ictal foci are a negative predictor for seizure outcome. Contrarily, IED exceeding the affected temporal lobe in the ipsilateral hemisphere or even bilateral IED had favorable seizure outcome if seizure onset is strictly limited to the affected temporal lobe. Reoperation for seizure persistence constitutes a promising therapeutic option.
Introduction
Mesiotemporal lobe epilepsy (mTLE) is the most common type of medically intractable epilepsy resulting in cognitive and social impairment. Dyscognitive seizures cause clouding of consciousness, memory decline and cognitive impairment with negative effect on social functioning and job performance [1] [2] [3] . In these patients favorable effects of epilepsy surgery have been reported [4] [5] [6] with a postoperative seizure free rate of 60-80% [1, 2, [7] [8] [9] [10] .
Multiple seizure foci in preoperative EEG have been reported to be significant risk factors for seizure recurrence [11] [12] [13] [14] [15] , whereas favorable seizure outcome was achieved when seizure onset as well as interictal epileptic discharges (IEDs) were detected exclusively unilateral in the temporal lobe concordant to the side of surgery. In case of seizure recurrence following mTLE surgery, reoperation has been found to be an effective therapeutic option [16] and should be considered in carefully selected patients [17] [18] [19] [20] .
The aim of our study was to assess the prognostic value of preoperative EEG patterns on postoperative seizure outcome in a large consecutive series of patients operated for mTLE. Moreover, we evaluated the role of reoperation in patients with persisting seizures after primary resection.
Materials and methods

Patient data
Our retrospective study comprises 426 consecutive patients who were operated for medically intractable mTLE at the Epilepsy Centre in Freiburg between 1998 and 2012. All patients had a minimum follow-up of 12 months after surgery. Patient data have been published in part elsewhere [21] .
Presurgical EEG
Preoperative non-invasive 24 h Video-EEG monitoring was carried out in all patients over a period of 10 to 14 days for localization of irritative and seizure onset zone. In this context irritative zone was determined by interictal EEG abnormalities including focal arrhythmic slowing, theta-or delta activity, single focal epileptiform discharges (IED), including spikes, poly spikes and spike-wave discharges. Ictal onset patterns included focal attenuation of EEG activity followed by sustained rhythmic activity of 3-6 Hz, occasionally including sharp waves or spike wave patterns with postictal slowing. Pathological interictal EEG patterns and seizure onset zones were classified as temporal in case they were detected on surface electrodes F8, T4, Sp2, T6 for right TLE and F7, T3, Sp1, T5 for the left TLE, respectively. Seizure onset zone and interictal spike distribution in preoperative EEG were classified into: (1) pathological findings strictly limited to the affected temporal lobe (ipsilateral temporal), (2) pathological findings exceeding the affected temporal lobe but limited to the ipsilateral hemisphere (extended ipsilateral), and (3) pathological findings bilateral to the side of operation (bilateral).
Surgical procedures
The following resective procedures were performed: standard anterior temporal lobectomy (ATL; n = 147), anterior one-third or key hole resection (KH; n = 39), extended lesionectomy (LE; n = 45) and selective amygdalohippocampectomy (n = 197) via the transsylvian (tsAHE) or the subtemporal (ssAHE) approach, respectively.
Seizure outcome
Follow-up data on clinical and epileptological outcome were obtained at regular postoperative follow-up assessments at 3 months and thereafter at yearly intervals after primary surgery as well as after reoperation. Seizure status was classified as described by Engel [22] : (I) free of disabling seizures, (II) >90% seizure reduction or nocturnal seizures only, (III) >75% seizure reduction (worthwhile seizure reduction), and (IV) <75% seizure reduction (no significant improvement).
Reevaluation, reoperation and follow-up
In case of postoperative seizure relapse, patients were completely reevaluated to localize the epileptogenic focus as prior to primary surgery. Data were reassessed by the interdisciplinary epilepsy conference to discuss whether reoperation was advisable. In 11 patients with persisting seizures and localizable circumscribed seizure focus after primary surgery, reoperation was performed. Postoperative follow-up was obtained at regular intervals as after initial operation.
Statistical analysis
Statistical analysis was conducted in R Statistics, version 3.2.0. Fisher's exact test was used to test associations between categorical variables. The Mann Whitney U test was used to test differences in preoperative seizure frequency and preoperative duration of epilepsy, respectively, between patients with unilateral and bilateral ictal and interictal activity, respectively.
Results
Patient population
426 patients met the inclusion criteria, 227 females (53.3%) and 199 males (46.7%). Mean age at seizure onset was 13 AE 12 years (0-60y), mean duration of epilepsy 21 AE14 years (0-60y), and mean age at surgery 35 AE 14 years (3-72y). All patients experienced complex focal seizures (CFS) which were preceded by auras in 64.5% (n = 276) and turned into secondary generalized tonic clonic seizures (SGTCS) in 78.9% (n = 336). Mean seizure frequency of complex focal seizures was 38 per months [21] . Patients' diagnostic findings are summarized in Table 1 .
Evaluation of seizure laterality and side of surgery
In 421 of the 426 patients (98.8%) a temporal lesion was found in preoperative MRI; only in 5 patients no lesion was detected and patients were therefore referred to as cryptogenic. In 383 patients (89.9%) seizure onset in EEG was strictly limited to the affected temporal lobe, whereas in 18 patients (4.2%) seizures originated from the ipsilateral hemisphere yet exceeding the affected temporal lobe, and in 25 patients (5.9%) seizures originated from both hemispheres. None of the patients revealed seizure onset zones located strictly contralateral to the side of surgery. Interictal scalp EEG showed temporal epileptiform discharges strictly limited to the affected temporal lobe in 256 patients (64.5%), whereas interictal scalp EEG patterns exceeded the temporal lobe in the ipsilateral hemisphere in 20 patients (5.0%). Moreover, 112 patients (28.2%) showed bilateral and 3 patients (0.8%) contralateral interictal foci, whereas in 6 patients (1.5%) no interictal epileptiform activity was found. For detailed results of presurgical evaluation see Table 1 .
Neither preoperative duration of epilepsy nor preoperative frequency of seizures or the presence of febrile convulsions affected ictal or interictal seizure laterality. Yet, there was an association between preoperative secondary generalized seizures and bilateral ictal and interictal epileptiform activity in preoperative EEG (p < 0.05). Besides, preceding encephalitis was found to be more often associated with bilateral seizure onset (p < 0.05), yet not with laterality of interictal epileptiform activity. Unilateral hippocampal sclerosis was more often associated with either ipsilateral temporal or bilateral and less frequently with extended ipsilateral interictal activity, yet did not affect laterality of seizure onset zone.
Seizure outcome after primary surgery
All 426 patients included had a follow-up of at least one year. One year after surgery, 309 patients (72.5%) were free of disabling seizures (Engel I), whereas 117 patients (27.5%) experienced recurrent seizures postoperatively (Engel II-IV). For detailed information on seizure outcome including long-term follow-up see Table 2 .
Postoperative seizure outcome and lateralization of seizure onset
Evaluating hemispheric lateralization of preoperative seizure onset and seizure outcome at one year after primary surgery, we found that among patients with seizure onset strictly limited to the affected temporal lobe only 25% experienced persistent seizures (Engel II-IV), comparable to those with ipsilateral seizure onset exceeding the affected temporal lobe (28%), whereas seizures persisted in 64% of patients with bilateral seizure onset zones. Similarly, evaluating interictal epileptiform discharges (IEDs), 24% of patients experienced persisting seizures when epileptiform activity was strictly ipsilateral to the affected temporal lobe. Comparable results were found in patients with interictal epileptiform activity exceeding the affected temporal lobe ipsilateral to the side of surgery (25%), whereas persistent seizures were seen in 39% of patients with bilateral interictal epileptiform activity. Seizure onset or interictal activity strictly limited to the affected temporal lobe or exceeding the temporal area in the ipsilateral hemisphere were both significantly more often associated with postsurgical seizure freedom (p < 0.05). For detailed information see Table 3 .
Combined analyses of both bilateral seizure onset and bilateral interictal epileptiform activity showed significantly more often persistent seizures (73%), whereas persistence of seizures was significantly less frequent in patients with seizure onset and interictal activity strictly limited to the affected temporal lobe (24%). Patients with seizure onset confined to the affected temporal lobe but with simultaneous either extended interictal epileptiform activity exceeding the temporal lobe or even bilateral interictal activity were still more often free of disabling seizures (Engel I: 84.6% and 65.2%, respectively; p < 0.05).
Reoperation of non-seizure free patients
Reoperation was performed in 11 of the 160 patients (6.9%) who experienced seizure persistence (Engel II-IV) at last follow-up, on average after 45 months (12-113 months) following primary surgery. Whereas seizures did not significantly more often persist after primary surgery in case of a remaining or newly visible lesion in postoperative MRI (p = 0.71). All reoperated patients revealed a persistent lesion after primary surgery. Postoperative seizure freedom was significantly more frequent when no epileptiform activity or strictly ipsilateral temporal activity was detectable on postoperative EEG than when epileptiform activity was found to exceed the ipsilateral temporal lobe (p < 0.05). In all reoperated patients, epileptiform activity was detectable, in 9 patients strictly ipsilaterally temporal and in 2 patients exceeding the temporal lobe in the ipsilateral hemisphere. None of the patients considered for reoperation had bilateral seizure onset or interictal epileptiform activity neither before nor after first surgery.
Following reoperation, 6 of 10 patients (60%) were free of disabling seizures (Engel I) at one year after surgery. For detailed seizure outcome see Table 4 . One patient was lost for follow-up after 3 months. Eight of the 11 reoperated patients showed complete resection of the detected lesion. Operative complications following the second operation were observed in two patients: internal capsule infarction with hemiparesis after ATL, and meningitis without neurological sequelae in another patient. Histopathological analyses after reoperation revealed FCD (n = 9), gliosis (n = 1) and hypoxic lesion (n = 1). Of the 6 reoperated patients who showed histopathological findings differing to those after primary surgery, the majority (n = 4) revealed FCD.
Detailed information on reoperated patients is given in Table 5a + b. Neurosurgical techniques comprised ATL or completion of ATL in 9 patients as well as completion of AHE in 1 patient and multilobectomy in another patient. In detail, 1 patient with a tumoral lesion involving the amygdala showed residual tumor after primary LE and was re-operated with ATL, yet did not become seizure free. All 6 reoperated patients primarily operated with sAHE for suspected isolated hippocampal sclerosis revealed remaining temporo-mesial lesions and 3 of them had newly diagnosed additional temporo-lateral lesions suspicious of focal cortical dysplasia (FCD) leading to ATL in all 6 patients. Three of those patients became completely seizure free (Engel Ia), whereas 2 of the patients with newly diagnosed lateral temporal abnormality and 1 patient with remaining temporo-mesial lesion had persisting seizures. One patient who underwent KH for hippocampal sclerosis and associated temporo-polar FCD revealed residual temporo-mesial anterior lesion which was re-operated with ATL leading to complete seizure control. All of the 3 patients with extended temporal FCD, initially operated with the intention of ATL, revealed a remaining lesion. One patient of them revealed a temporo-lateral lesion and therefore completion of ATL was indicated. Another patient with a temporo-lateral lesion extending to extratemporal areas was reoperated with a multilobectomy and one patient with an exclusively temporo-mesial lesion had a Postoperative seizure outcome according to Engel classification I-IV at 3, 12 and 24 months after revision. completion of AHE. Of those 3 patients, only the one who underwent multilobectomy became completely seizure free (Engel Ia) with no residual lesion on postoperative MRI. In one of the other two patients with recurrent seizures no remaining lesion was detectable, whereas the other patient showed a residual lesion.
Discussion
Surgical intervention is a reliable option for the treatment of carefully selected patients with intractable mTLE, yet 30-40% of patients experience persistent seizures despite surgery [5, 8, 16, 17, 20, [23] [24] [25] [26] , which is in line with the present study showing an overall seizure persistence (Engel II-IV) of 27.4% at one year after surgery. In this context, distribution of seizure patterns in preoperative EEG play an important role in predicting postoperative outcome.
In our patients, we found preoperative seizure onset to be strictly limited to the affected temporal lobe in 89.9% and for IED in 64.5%. Seizure onset and interictal epileptic discharges (IED) exceeding the affected temporal lobe confined the ipsilateral hemisphere were detectable in 4.2% and 5.0%, respectively. Bilateral seizure onset was detected in 5.9%, interictal bilateral epileptiform discharges in 28.2%. Previous studies have reported independent bilateral IED in 40-60% of TLE patients [27, 28] , more frequently found in mesial than in neocortical TLE [29] . Hypothetically, bilateral epileptiform activity may be due to secondary epileptogenesis with broadening of the epileptogenic network [30, 31] , associated with longer seizure duration and especially higher seizure frequency as seen in animal models [32] . Conversely, we did not find any effect of epilepsy duration and seizure frequency on the distribution of either ictal seizure patterns or on interictal epileptiform activity, in line with others [33, 34] . Yet, we found preoperative secondary generalized seizures to be associated with the occurrence of bilateral ictal and interictal epileptiform activity, presumably reflecting preexisting widespread network of epileptic pathologic circuits [34] . A further reason for the development of bilateral epileptiform discharges might be the epileptic spread initiating secondary seizure foci [35] . Evidence for this hypothesis are supported by recent diffusion tensor imaging analyses revealing alterations of fiber tracks in the corpus callosum as the main connecting structure in patients with bilateral IED [15] .
The present study reveals that lateralization of preoperative seizure patterns concordant to the side of surgery were found to have more impact on postoperative seizure control than the distribution of preoperative IEDs. In case of preoperative bilateral seizure onset, we found 64% of patients to experience persistent seizures (Engel II-IV) compared to a significantly smaller fraction than when seizure onset as well as IED were detected exclusively unilaterally temporal, concordant to the side of surgery (25% and 24%, respectively). This is comparable to previous studies reporting multiple seizure foci as important prognostic risk factors for seizure persistence ranging from 70 to 87% in case of preoperative bilateral epileptiform activity [5, [11] [12] [13] [14] [15] 36] . We found that in case of simultaneous bilateral seizure onset and bilateral interictal spikes, seizures persisted in 73%. Our data are in line with previous reports on the decisive influence of bilateral epileptiform activity on poor seizure outcome [37, 38] .
Yet, our data show that seizure freedom was more likely in case of strictly unilateral temporal seizure onset combined with either interictal epileptiform activity exceeding the affected temporal lobe but remaining within the hemisphere concordant to the side of surgery (15%) or even in case of bilateral interictal spikes (35%). Moreover, our data show that concordance of seizure onset zone in EEG to the affected temporal lobe has more impact on postoperative seizure outcome than preoperative spatial distribution of IED. Therefore, our data suggest that TLE patients may profit from epilepsy surgery even if IED exceed the affected temporal lobe of the ipsilateral hemisphere and even if present bilaterally, provided that seizure onset is strictly limited to the affected temporal lobe.
Preoperative precise definition of the epileptogenic zone plays an important role for postoperative favorable seizure outcome. Lüders et al. [39] defined the epileptogenic zone as "area of cortex that is necessary and sufficient for initiating seizures and whose removal or disconnection is necessary for complete abolition of seizures". The epileptogenic zone has therefore been reported to consist of a seizure onset zone and an adjacent potentially epileptogenic zone [39] with the ability to trigger epileptic seizures itself [40] . There is evidence that the irritative zone is frequently more extensive than the epileptogenic zone which has been confirmed in the present study with bilateral IEDs to be associated with favorable seizure outcome if seizure onset pattern was limited to the affected temporal lobe.
Reoperation after failure of primary epilepsy surgery to potentially achieve seizure freedom is reported to be performed in 3.8-14% of patients [18, 16, 41] , which is in line with 6.9% reoperated patients with persistent seizures in our study. Reoperation in the present study was carried out at an average of 3 years after primary surgery, similar to data of others reporting on reoperations 2 to 5.5 years after primary surgery [16] . Previous studies have published seizure free rates following second operation between 34% and 65% [16] [17] [18] [19] [42] [43] [44] [45] [46] ], yet also higher seizure free rates of 70% have been found [18] . In our study, at one year after reoperation, 60% and at two years 50% of reoperated patients were free of disabling seizures (Engel I). All of the patients reoperated had a visible lesion on postoperative MRI; this lesion was newly detected in three patients after primary surgery.
Yet, although the chance for seizure freedom after reoperation undoubtedly exists, the situation remains complex as the best time point of reevaluation and reoperation as well as selection criteria for appropriate candidates are still unclear. Therefore, possible predictors for seizures persistence after epilepsy surgery have been reported in recent literature [16, 41, [46] [47] [48] . In the present study, all patients reoperated for seizure recurrence revealed a remaining or newly detectable lesion or pathology on postoperative high resolution MRI, especially patients with primarily more circumscribed resections. Previously published data present different mechanisms for early and late seizure recurrence [49] . Early postoperative seizure recurrence and persistence of habitual unchanged seizure semiology implicate incomplete resection of the predominant seizure focus or a focus distant to the original region of lesionectomy [37] , whereas late seizure recurrence was found to be caused by a new epileptic focus [49] . Reasons for incomplete resection may include proximity of the seizure focus to eloquent areas or insufficient resection of a resectable lesion which is not completely visible on high resolution MRI. This still remains a difficult problem especially in FCD [20, 24] . In particular, the occurrence of dual pathology, e.g. hippocampal sclerosis combined with FCD is a frequent cause of postoperative recurrent seizures [24, 50] . Besides, incomplete resection of a seizure focus may be based on the presumption that epilepsy surgery principally focusing on circumscribed pathology does not meet the requirements of underlying systemic epileptic network disease. Secondary seizure propagation involving the contralateral hemisphere with bilateral tonic-clonic seizures and a new semiology after first operation as well as discordant diagnostic modalities (MRI or FDP-PET) may indicate altered propagation pathways as an expression of an epileptic network disorder resulting in unfavorable seizure outcome [36, 41, 45, 47] . Surges et al. [16] reported favorable seizure outcome after reoperation in case of concordant findings of EEG and MRI prior to primary surgery as well as postsurgical ipsilateral seizure foci confined to the side of surgery and a residual lesion on postoperative MRI. Contrarily, inconsistencies of electroclinical and MRI findings prior to first surgery, multifocal or widespread EEG abnormalities including seizure onset zones contralateral to lesionectomy indicate poor chance for seizure freedom after reoperation [8, 51, 52] , as confirmed in our study. Therefore, successful epilepsy surgery requires a well-defined permanent epileptic focus and its complete resection [53] [54] [55] . This has to be taken into account in the individual decision-making process.
Conclusion
Our data support previous studies reporting that bilateral seizure onset predicts unfavorable postoperative seizure outcome in patients with intractable TLE. Yet, our study suggests that patients profit from epilepsy surgery even if the irritative zone exceeds the affected temporal lobe in the ipsilateral hemisphere or are bilateral, provided that seizure onset is limited to the affected temporal lobe. Reoperation for patients with recurrent seizures after primary surgery constitutes a promising therapeutic option, especially if remaining or newly diagnosed lesions are detectable.
